definition of macropores (Luxmoore et al., 1990). Luxmoore (1981) 1977 Pikul et al., 1988; Shaw et al., 1997) . The for identification of preferential flow paths in field soil
T he effectiveness of no-tillage systems in reduc- Omoti and Wild, 1979; Seyfried and Rao, 1987 ; van ing soil erosion is usually attributed to the energy- Ommen et al., 1989; van Stiphout et al., 1987) . Quantifiabsorbing effects of mulch cover and the maintenance cation of the dye infiltration patterns in field soil has of rapid infiltration rates. High infiltration rates for nobeen more difficult and only two studies have attempted tillage systems are typically found in soils with intense to do so. Van Ommen et al. (1989) used a least squares earthworm (Lumbricus terrestris) activity (Ehlers, 1975;  minimization program called CXTFIT (Parker and van Edwards et al., 1988; Zachmann et al., 1987) . On the Genuchten, 1984) to fit the convection dispersion equaother hand, compaction caused by wheel traffic on certion (CDE) to I patterns. This technique enabled them tain areas of fields has locally lowered infiltration rates to calculate the transport active fraction of the soil wa- (Ankeny et al., 1990; Unger, 1996) , and increased bulk ter. Recently, Forrer et al. (1999) used inverse modelling density (Logsdon et al., 1999) .
to analyze two-dimensional dye patterns for longitudiPreferential flow through biological and structural nal and lateral dispersion. Their analysis also assumed macropores can have a substantial influence on the that the dye flow could be described by a convectivedepth of water percolation in no-tillage systems where dispersive process. The authors concluded that the high the soil matrix can be largely bypassed (Ehlers, 1975;  water flow rates resulted in more irregular flow patterns Thomas and Phillips, 1979; Beven and Germann, 1982;  compared with low flow rates. Flury, 1996) . In conventional tillage systems, such short Our review of the literature suggests that quantificacircuiting usually occurs only below the disrupted plow tion of infiltration patterns is complicated and that no layer (Andreini and Steenhuis, 1990; Trojan and Lin- consistent agreement exists on the best techniques to be den, 1994).
used for measuring infiltration mechanism differences Unfortunately, no good agreement exists on the size between tillage and no-tillage systems. The objectives of this study were (i) to characterize the infiltration R.W. Vervoort, Dep. of Ag. Chem. and Soil Sci., Univ. of Sydney, patterns in no-tillage and conventional tillage systems Two hours shaking time was assumed to be reasonable, based treatments in six of the replications were sampled during the on the perceived contact time in the soil during the field summer of 1992. The four treatments sampled were a factorial experiment, but might have been short in light of recent recombination of two tillage systems (no-tillage and convensearch (Perillo et al., 1998; Ketelsen and Meyer-Winkel, 1999 ; tional tillage) and two crops (cotton or sorghum). The convenGermá n-Heins and Flury, 2000) . Samples were centrifuged tional tillage sorghum treatment consisted of a one-pass chisel and concentrations in the supernatant were determined with plow followed by disking and a do-all (rolling chopper and a spectrophotometer. A calibration curve was used to convert harrow combination) for seedbed preparation. Conventional the absorbence data to concentrations. The equilibrium contillage cotton received an additional row building operation centration was plotted against the adsorbed concentration, prior to the do-all (Triplett et al., 1996) . All conventional and a linearized Freundlich model was fitted to the data to tillage plots received sweep cultivation after planting for weed determine the adsorption constant (K d ). A linear model is control. All crops were grown continuously, year after year, needed to be able to calculate R using the relationship: without rotation. The no-tillage plots were planted flat into killed winter cover crops consisting of hairy vetch (Vicia villosa
L.) for sorghum and wheat (Triticum aestivum L.) for cotton. After 1988, the no-tillage plots received no tillage except that caused by the openers of the planter and cover crop drill in which b is the bulk density, and is the saturated water seeder.
content assuming this equals porosity calculated from the averIndividual plots measured 5.5-m wide by 12.1-m long, and age bulk density of each horizon (Table 1) . Bulk densities were comprised six rows. Traffic was controlled using permanent estimated from measurements made in 0.05-m increments in corner boundaries; six-row equipment for planting, spraying, July 1989 for the TRKs and UTKs in the cotton tillage and and cultivation; and two-row equipment for fertilization, stalk no-tillage treatments. Measurements were made with a MSshredding, cover crop drilling, and harvest. Traffic was not 24 CPN 1 (Campbell Pacific Nuclear International, Martinez, controlled for primary and secondary conventional tillage op-CA) that used gamma transmission between a source and a erations.
detector separated by 0.3 m to measure wet density. These During 1992, primary tillage was performed in late April. data were combined with gravimetric soil water samples taken Cotton was planted on 12 May and conventional tillage plots from the two holes made for probe access. were cultivated on 10 June, 29 June, and 14 July. Sorghum was planted on 14 May and was cultivated on 15 June and 29
Dye Pattern Characterization
June. Infiltration measurements were made between 2 June Twenty nine of the 72 possible locations were excavated and 27 July 1992. For conventional tillage treatments, the time between 10 to 30 d after the dye was infiltrated (time did not from last tillage to infiltration measurement varied from 6 to permit excavation of all the locations). The locations consisted 21 d for cotton and from 1 to 22 d for sorghum. In contrast, the time between infiltration and the last tillage operation in the no-tillage plots was 4 yr. plant row were identified ROW, UTK, and TRK. Infiltration of three replications of each of the cotton treatments, except tion coefficient relative to water. A weighted R value was calculated for each profile based on the adsorption experiment for the conventional tilled trafficked cotton treatment that had only two replications, and two replications of each of the described earlier, the maximum depth of dye flow, z max , and the thickness of each of the soil horizons (Table 1 ). The mobile sorghum treatments. Excavation was performed in 25.4-mm depth increments. At each increment, the soil was scraped water content calculated with this method is interpreted as a profile averaged transport volume. level, small particles were brushed off with a paintbrush, and two kinds of images of the exposed surface were recorded. A A different approach was proposed by van Ommen et al. (1989) . Assuming an average pore water velocity, v, which is 35-mm camera with a flash mounted upside down on a tripod was used for taking slides. The tripod was lowered into the the water flux, J w , divided by the volumetric water content, , the resident concentration profile calculated using Eq.
[1] excavated pit and the same focal distance was used for each shot. The second method used an S-VHS video camera to could be described by the CDE: create 10-s images of each surface. To maintain uniform light quality, the video camera was mounted through a hole in a
wooden box that shaded direct sunlight from the surface. Two circular tube lights were mounted around the lens on the inside in which C is the observed concentration, R is the retardation of the box to illuminate the surface. coefficient, z is depth, t is the time and D is the dispersion Both slides and the video images were transformed to bicoefficient. The program CXTFIT (Parker and van Genuchnary pictures, by choosing a visually optimal threshold. The ten, 1984), which uses a nonlinear least squares fit method, resulting binary images were analyzed for the dyed fraction was used to compute the appropriate analytical solutions of of the surface area. Both these operations were performed the CDE to the dye resident concentration data. The single using the CUE-2 (Olympus CUE-2, Olympus Corp., Atlanta, region model for resident concentrations (Mode 1 in CXTFIT) GA) digital image analysis program.
was used in fitting the relative pore water velocity (v/J w ) and To quantify the dye patterns, the dyed fraction of the area the relative dispersion coefficient (D/J w ). The inverse of the has to be converted to a concentration. Although recently relative pore water velocity can, in this case, be interpreted techniques have been developed to calculate dye concentraas the average mobile water content for the profile (van Omtions from dye patterns (Aeby et al., 1997; Ewing and Horton, men et al., 1989) . 1999), these techniques were not available at the time of this Both approaches have limitations due to the mentioned research. In this experiment, we assumed that the dyed area assumptions. We acknowledge the fact that these assumptions at each depth was uniformly distributed, i.e., each dyed pixel were not always met in this research, but we tried to test had the same concentration. To take into account for the the utility of these two approaches to quantify the observed greater adsorption in the lower horizons of the profile, the dye patterns. dyed areas in each horizon were weighed using the K d value at depth z, K d (z ), relative to the K d value of the Ap horizon, K d (Ap ). These weighted dyed areas were then assumed to be
Statistical Analysis
equal to the resident concentration, C r (z, I ):
All statistical analyses were performed using the SAS program (Littell et al., 1991) . The data for ponded infiltration,
maximum depth of dye penetration, mobile water content, and bulk density were analyzed as a split-split plot design using PROC GLM and calculating LSMEANS (Littell et al., In which the DyedArea (z, I ) is the fraction of the area which 1991) or with PROC MIXED (SAS, 1996) for ANOVA. is stained at depth z, after infiltration I. Assuming the dye Ponded infiltration rates were assumed to be log-normally was added at the surface as a narrow solute pulse, the mean distributed and transformed before analysis. The tension infiltravel depth can then be calculated using the first moment of tration data were analyzed as a split-plot design using PROC the probability density function (pdf), f r (z, I ) of the resident GLM and calculating LSMEANS. Regressions and K d coefficoncentrations:
cients were determined using PROC REG (Freund and Littell, 1991 ). Statistical differences were tested at the 5% level unless
reported differently.
(Jury and Roth 1990). The resident pdf, f r (z, I ), can in this case be interpreted as giving the distributions of depths, z, the
RESULTS AND DISCUSSION
dye might reach by the end of a fixed cumulative infiltration, I
The actual soil characteristics varied somewhat with (Jury and Roth, 1990) . The resident pdf can be defined as: depth. Table 1 represents the values used for the determination of the retardation coefficient. Analysis of varif
[4] ance indicated bulk density in 1989 had not been influenced by tillage treatments, but significant differences existed (P Ͻ 0.05) between the TRK and UTK interin which C r (z, I ) is the resident concentration calculated using rows as well as with depth (P Ͻ 0.01) (Fig. 1) . Trafficked
Eq.
[2] and z max is the observed maximum depth of dye flow.
interrow areas had greater bulk density than UTK, and
To calculate the fraction of the profile contributing to the solute transport (the transport volume or mobile water conthe interaction of wheel traffic and depth was also signiftent, m ), we can assume that the same mean travel depth icant. A maximum bulk density occurred at about 0.1-m could occur from piston flow. In that case:
depth in both the TRK and UTK interrows. There were no differences between tillage and crop z m ϭ I R m [5] treatments in the 1992 ponded infiltration rates, but significant differences between the row positions were found (Table 2) . Infiltration rates in the ROW position in which I is the total infiltration (m) and R is the dye retarda- thus appeared to create more intermediate pores than the taproot system of cotton. However, the root systems were greatest while those in the TRK position were of the winter cover crops in the no-tillage cropping sysleast, probably due to compaction (Ankeny et al., 1990;  tems were opposite to those of the primary crops, tap- Unger, 1996) . The greater infiltration rate in the ROW root for hairy vetch (after sorghum) and fibrous root position is probably because of denser root growth and for wheat (after cotton). This might have influenced the more biological activity in that position compared to lack of difference in pores Ͼ1.0-mm diam. between the the UTK and TRK positions. The tillage ϫ row position two cropping systems. and crop ϫ row position interaction terms were not When comparing infiltration measurements on a significant (data not shown). Although not significant, moldboard plowed and no-tillage soil, Sauer et al. (1990 ) the highest infiltration rates occurred under no-tillage indicated differences in the microscopic capillary length, sorghum followed by tilled cotton, tilled sorghum and or mean pore size, with the no-till soil having a larger no-tillage cotton. This is consistent with earlier research mean pore size. In our case, there was only a slight which indicated the lowest runoff from a no-tillage vetch statistical difference (P Ͻ 0.1) in mean pore size at the and sorghum treatment among eight treatments studied lowest tension, indicating a difference in mean pore at the site (Meyer et al., 1999) .
size for the smallest pores, with sorghum and no-tillage Plant row tension infiltrometer measurements indihaving a larger mean pore size than cotton and tillcated a significant difference in infiltration rates at the age, respectively. Ϫ30-and Ϫ150-mm H 2 O potential levels between the Dyed soil fraction decreased with depth, which was cotton and sorghum plots (Table 3) . When pore volumes expected given the finite solute pulse applied at the surface. Preferential or bypass flow was observed on all treatments, though differences in patterns were evi- ing clear channels (Fig. 2b) . The latter areas were
No-tillage 36 13.9a
probably lower in bulk density (Omoti and Wild, 1979;  Crop § Shaw et al., 1997) . Deeper flow was observed under the no-tillage treat-
Row position ¶
ments as compared with the tillage treatments (Fig. 3a) . A sharp drop in dyed area was observed at 0. under the tilled cropping systems (Fig. 3a) . The tillage discontinuity in the soil structure created by this tillage operation (Andreini and Steenhuis, 1990). There were the different crops, though the average dyed fractions indicate some differences in the pattern of flow ( (Table  3b) . Because of the large standard deviations of the 4); this was consistent with the lower quantity of ponded observations, no real significance can be attributed to infiltration. The subset of ponded infiltration data from these differences. The dye infiltration in the TRK posilocations where dye patterns were assessed (n ϭ 29) tion indicated a restriction in flow probably because of showed the same statistical differences between treatthe compaction observed with the ponded infiltration ments as the full data set (n ϭ 72). Thus the dye pattern (Fig. 3c ) and bulk density measurements (Fig. 1) .
subset was similar to the full data set. Maximum depth of dye penetration was positively Maximum depth of dye penetration was less for the correlated with ponded infiltration when the data sets for the tillage and no-tillage were analyzed separately 5). Nonlinearity was observed in some of the adsorption (Fig. 4) , but not when analyzed as a single combined experiments, in particular in the Bx and Bw horizon. data set. The dye consistently infiltrated deeper into the The adsorption of Brilliant Blue FCF has earlier been no-tillage soil profiles than the tilled profiles (Table 4) .
found to be strongly nonlinear (Germá n-Heins and This is consistent with the bypass flow observations for Flury, 2000) . However, in this study the isotherms were no-tillage systems that has been observed by other refitted with a linear adsorption curve to be able to calcusearchers (Zachmann et al., 1987; Andreini and Steen- late R . The K d values, ranging from 2.0 L kg Ϫ1 for the huis, 1990; Trojan and Linden, 1994; Wu et al., 1995) .
Ap to 4.7 L kg Ϫ1 for the Bw horizon, were within the Ponded infiltration rate and maximum depth of dye range reported by Germá n-Heins and Flury (2000) for penetration were better correlated for the tilled treatseveral soils. The R values calculated from these K d ments (r 2 ϭ 0.47, P Ͻ 0.01) than for the no-tillage treatvalues were 7.0 for the A, 15.3 for the Bw, and 13.7 for ments (r 2 ϭ 0.33, P Ͻ 0.01) (Fig. 4) . the Bx horizon. While the R value for the A horizon The adsorption experiments indicated that Brilliant material was similar to that reported for the same dye Blue FCF dye adsorption increased with soil depth (Fig. in a fine sandy loam soil by Andreini and Steenhuis (1990) , the R values in the Bw and Bx horizons were considerably larger. The 1.2 relative retardation of Brilliant Blue FCF dye compared to I reported for a loamy sand field experiment by Flury and Flü hler (1995) is also much lower than observed in our subsoil. The differences between earlier reported R values and the values in this research were probably because of differences between the soils. Our subsoil contained 20 to 30% clay, as well as an appreciable amount of amorphous Fe, Al, and Si (Rhoton et al., 1998) . Furthermore, the soils studied by both Andreini and Steenhuis (1990) , and Flury and Flü hler (1995) were calcareous with pH ranging from 6.7 to 8.6. Because Brilliant Blue FCF is a weak acid (pKa ϭ 5.83 and 6.58) it would have been anionic in their studies. In contrast, at the pH of our B horizon material (4.93 and 5.46), dye molecules would have been neutral, and adsorption would increase (German-Heins and Flury, 2000) . Preferential flow under the no-tillage treatment was also indicated by the differences in average mobile water contents calculated from the mean travel depth (Table  5 ). The tillage treatment had a larger transport volume (more homogeneous flow) than the no-tillage treatment. tration rates were better correlated with the maximum infiltrating water.
Crop
The root system of the crop appears to have an influence on the characteristics of the pore system in both to lower horizons. We think it is likely that plant roots also preferentially exploit these macropores in their depth of dye flow under the tillage treatment (Fig. 4) .
growth so that root proliferation is most dense in the The CXTFIT results indicated the same trend, although same limited soil volume where solutes are concenthe absolute values were different. Neither method trated. found significant differences in mobile water content Blue dye patterns indicated considerable bypass flow due to crop or row position.
under the no-tillage treatment. The average maximum The difference in the number of observations in the depth of dye penetration was deeper for the no-tillage two m estimation methods, reflects the difficulties enthan the tilled systems. Mobile water contents, indicatcountered in using the CXTFIT program. In order to ing preferential flow, were lower for no-tillage than for get a solution, the data had to be averaged over the tillage. Using CXTFIT to fit the CDE to the dye profiles replications. Some of the observed patterns were still was not very successful, mainly because the observed difficult to fit and solutions could in some instances only preferential flow violated the assumptions of the CDE. be found using extremely large dispersion coefficients.
A different estimation method using a simple piston The fact that the CDE could not effectively fit the obserflow assumption gave similar results with less calculavations reflects the fact that the assumptions of an avertion effort. age velocity and homogeneous flow for these soils are Bulk density and ponded infiltration measurements not realistic model representations. Preferential flow is in this study indicated compaction under the TRK posicharacterized by a more than average velocity in part tion. Plant rows exhibited faster ponded infiltration of the flow domain. The fitted relative dispersion coeffirates because of more biological activity and flow along cients for the no-tillage treatment were greater (mean plant roots or old root channels. However, ponded infil-5.044 m) than for the tilled treatment (mean 0.221 m), tration rates measured using single ring infiltrometer did and the r 2 for the fit was worse (mean 0.27 for no-tillage not effectively predict the differences in dye transport versus mean 0.55 for tillage). This in itself could be an under conventional and no-tillage treatments. Combinindication of preferential flow under the no-tillage treating ponded infiltration rates with measurements at difment.
ferent tensions improved the prediction, but the meaAlthough the dye pattern quantifications attempted surement of infiltration rates using tension and ring here were both rather simple and based on many asinfiltrometers still had limited utility in predicting solsumptions, they correctly represented visually observed ute transport. differences. The mobile water content parameter, m , reflected maximum dye depth, average dyed fraction,
